INTRODUCTION
Adhesion and migration are central processes in physiological cellular activities depending on the interaction between the cell and the extracellular matrix or biomaterial surfaces (1) (2) (3) . The current paradigm is that biochemistry controls adhesion and migration. Nonetheless, mechanical properties of the substrate also influence adhesion, hence controlling spreading area and intracellular tension. As such, mechanobiology tells us that adhesion and migration, if controlled and understood, can provide a way to manipulate cell fate (4, 5) and avoid severe pathologies (6) . Recent findings in cell mechanobiology have shown the correlation between the mechanical state perceived by the cell and, how it differentiates, proliferates, and dies (7) (8) (9) (10) . Designing efficient technologies to manipulate cells fate relies partly on understanding the mechanisms triggered by the complex combination of mechanical cues induced by their surrounding environment (11, 12) . Unravelling the interaction between substrate topography and cell behaviour is therefore of the utmost significance (3, 13) .
Multiples environmental factors wield cell migration, and related processes. Earliest discoveries related the influence of chemical and ligand gradients on the substrate, and respectively coined the names chemotaxis (14) and haptotaxis (2, 6) . More recent findings showed that cell migration is also directed by purely mechanical cues, such as stiffness gradients (durotaxis) (15) , topographic pattern gradients (topotaxis) (16) and substrate anisotropy (ratchetaxis) (17) (18) (19) . Lastly, microscopic curved topographies have gained greater interest for their resemblance with smooth biological tissues (20) (21) (22) (23) . A recurrent factor in these directed migration mechanisms is the predominant role of the nucleus (24, 25) . Nucleus mechanosensitivity, defined as the interplay between nuclear mechanics and regulation of gene expression, has recently drawn further attention for its influence on a wide array of physiological behaviour (26, 27) . Ratchetaxis is shown to depend on the polarization of the nucleus and its interplay with stress fibers (18) . On curved topographies, the mechanical stress of the nucleus is directly correlated with the curvature of the substrate (21, 28) .
In a recent study, we have shown that adherent cells are able to migrate according to curvature variations via a process called "curvotaxis" Pieuchot et al. (29) . Trajectories of cell migration on three-dimensional sinusoids revealed systematic circumvention of convex topographies and the positioning of cells on concave minima. Functional assays suggest that the mechanism requires actomyosin contractility, high nuclear lamin A levels and functional LINC complexes. In turn, we proposed that the short-range mechanosensitivity of the nucleus, mechanically interacting with the cytoskeleton, was proposed to play a central role in curvature-directed cell migration. However, a mechanistic model explaining the cellular and mechanical basis of curvotaxis was lacking.
Retrieving data in vivo or in vitro at the sub-micron scale is hampered by the size and the dynamics of the structures to investigate. In turn, in silico systems reveal a complementary approach to obtain insights in the mechanics of the structural components of cells (30) . Computational models of single cell mechanics are scarce. The collective dynamics of the nucleus, the cytoskeleton and the membrane of the cell cannot be integrated using methods deriving from molecular dynamics within reasonable computational costs (31) . In the meantime, higher-level methods, such as Cellular Potts (32) (33) (34) or random walk (35) models are too coarse to permit the investigation of internal cell mechanics. An intermediate approach based on particles and springs has proven efficient to capture the mechanical specificity of the cytosol, the cytoskeleton and the nucleus while integrating environmental cues (36) (37) (38) . The primary components of the cell model are a fluid cytosol, a solid assembly of beams and cables that mimic the cytoskeleton, and a elastic nucleus. Furthermore, such approach integrates the contractile behaviour of the stress fibers and the actin cortex. As such, mechanical stability of the cell model arises from the osmotic pressure inside the cytosol and the structural rigidity of the cytoskeleton. With such level of detail, particle-based models are ideal tools to explore the reorganization of the cytoskeleton and the nucleus under external mechanical cues, that is substrate topography.
Here, we exploit the capabilities of a validated mechanical cell model (28) to provide insights into the mechanism of curvature-guided cell migration. We simulate cell adhesion on different locations of a 3D sinusoid and, observe non-equilibrium mechanics of the cytoskeleton and internal motions of the nucleus. We establish a back-and-forth comparison between our computational predictions and the experimental data. Finally, we propose a cell migration mechanism based on internal motion and polarization of the nucleus.
METHODS
The simulations of adhesion and migration of cells on sinusoid substrates are a direct application of the model proposed by Vassaux and Milan (28) based on the LMGC90 software (39) . The structure of the cell is depicted as an assembly of rigid particles subject to Newton's equation of motion and interacting via an harmonic potential (40) (41) (42) . Such modelling method, very similar to coarse-grained molecular dynamics or bead-spring models, accurately reproduces the discrete structures of biological systems, from proteins and DNA (43, 44) to cells and packing of cells (45, 46) . The cell basically consists of an elastic impermeable membrane encapsulating a viscous cytosol and a deformable nucleus. In addition, the cytoskeleton is introduced as a dynamic assembly of competing compressive and contractile networks (45, 47, 48) .
Our model explicitly integrates actin, microtubules and intermediate filaments networks, contractile stress fibres, a contractile actomyosin cortex mingled in the cytoplasmic membrane, a viscous cytosol and a viscoplastic nucleus (see figure S3 .b). The parameterization of the model's interaction potentials (see figure S3 .a) has been largely verified and validated against indentation tests Vassaux and Milan (28) . Complete details on the mathematical foundation of the model as well as the calibration, validation and adhesion simulation process can be found in the Supplementary Material. This mechanical cell model is able to capture realistic nucleus dynamics (see figure S3 .f), that is nucleus equilibrium on a flat topography is found at the center of the cell. These are governed by the coupled contribution of viscous, inertial (nucleus mass), and elastoplastic (conformational changes in the cytoskeleton) effects. Atomic force microscopy indentation experiments on endothelial and Schwann cells (27) reveal that vertical forces on the nucleus can cause its internal sliding, and the subsequent existence of such pulling back forces ensuring its centered position.
Simulations of cell adhesion all follow the same procedure. In their initial configuration, the simulated cells display a spherical shape. We consider 3 diameters of cell: 20, 30 and 50µm associated respectively with the diameters of nucleus: 10, 20 and 30µm. Spreading is actioned following the displacement of the focal adhesions (FAs) away from the center of cell, following the topography of the substrate. The diameters of adhered cells approximate 60, 100, 150 35µm diameter, respectively. This dynamic adhesion process, coupled with actomyosin contraction in stress fibers and the actin network, induces conformational changes in the cytoskeleton. At the end of the simulation, cells are pulled onto the substrate and attached via 30 focal points. Focal adhesions are distributed at cell's periphery -in a 25µm wide band for a 100µm diameter adherent cell -and this, regardless of the site of the cell adhesion in a concave, convex or in the transitional areas.
Subsequently, the adhesion model has been extended to render migration tractable. The migration is simulated by reproducing in a simplified way the simultaneous protrusion of a lamellipodium at the front and the cell retraction at the back of the cell. The cell model migrates as new focal adhesions are continuously assembled away from existing disassembling adhesions, in the direction of motion. While the cytoskeleton connects the new focal adhesions, the old ones are disassembled. We hypothesized that the lamellipodium forms in the direction of the topography-induced polarization of the nucleus and advances proportionally to nucleus internal motion. The internal displacement of the nucleus d is computed as the vector directed from the cell barycenter to the nucleus barycenter. The spatial jump v t (amplitude, direction) from the disassembled adhesions to the assembled ones at time t, is equal to the internal displacement of the nucleus d t−1 , observed at time t − 1. The simulation of cell migration ends when d t becomes negligible with respect to the cell dimensions, that is when the cell is assumed to have stabilized. Such procedure renders a continuous migration of the cell (see animation S1).
In more details, at the beginning of simulation, at time step 0, the cell model is spread and adheres to the sinusoidal substrate at a given location and the displacement of the nucleus is reported after cell spreading as a vector d 0 , the spatial jump v 0 is null. Next, at the time step 1, the cell model migrates on the sinusoidal surface, as the lamellipodium progresses, and stops when the new focal adhesions are remote from the disassembled ones by v 1 = d 0 . The new internal offset of the nucleus is reported as d 1 . In the following time steps, the procedure is repeated with v t = d t−1 .
With these cell adhesion and migration models in hand, the computational campaign is performed in two parts. First, we simulate the adhesion of 26 cells position at regular distance intervals within a wavelength of the sinusoid. The tested sinusoid has an min-to-max amplitude of 10 µm and a wavelength of 10030 µm, so called the 10-100µm sinusoid. Second, we simulate the complete migration of 5 of these cells, using the proposed model. The retained cells are chosen in order to investigate the influence of a varied array of initial topographies. We analyze the influence of sinusoid sizes on cell migration in considering the following couples of amplitude-wavelength: 3-30µm, 10-30µm, 30-100µm, 30-300µm.
RESULTS AND DISCUSSIONS
Several cells, structurally identical, are left to adhere in different locations (crosses, see figure 1.a). We observe the motion of the nuclei center (dashed lines, see figure 1.a). Since the cell is fixed at the focal adhesions, we in fact observe the internal displacement of the nucleus in the cytoplasm.
The nucleus is initially centered in the cell membrane, but within microseconds starts to drift along the substrate topography. Internal displacement is systematically observed, except for three nuclei: one positioned on top of a convex (purple square, see figure 1 .a), one positioned at the bottom of a concave (yellow square, see figure 1.a), and one positioned on a saddle point of the sinusoid. In all other cells, the nucleus moves towards lower heights, which also correspond to locations of concave curvatures. Experimental findings by Pieuchot et al. (29) show identical trends, the nuclei stabilizing in concave regions (see figure S4 .a,d). The magnitude of the displacement of the nuclei correlates strongly with the degree of anisotropy of the underlying topography, at scales perceived by the cell. Indeed, the three cells whose nucleus stands still interact with a symmetrical substrate topography. The simulations also tend to show that the nuclei follow the steepest gradients trajectories. Although, this displacement is directed toward lower parts of the substrate, the influence of the gravitational field is insignificant. This is shown experimentally by Pieuchot et al. (29) and computationally, inverting the direction of the gravity field. Furthermore, we have computed the resulting pressure applied by the cells on the substrate (see figures 1.b,d,e,f,g). On axial symmetrical topographies, namely convex peaks and concave valleys, the pressure is isotropically distributed around the nucleus (see figure 1 .f,g). On the contrary, when the symmetry of the underlying substrate topography is broken, a pressure gradient appears on the substrate, and therefore in the cytoskeleton (see figure 1.b,d,e ).
The morphology of the nucleus drastically changes with the underlying topography. As the cell migrates across the substrate, the nucleus can be elongated on convex regions, and round on concaves (see respectively figures 2.h and 2.i). The similar observation is made experimentally (see figure S4 .g,h) which confirms the mechanics reproduced by the model. It is interesting to observe that topography directly impacts nucleus shape, that is known to regulate gene expression. Indeed, nucleus shape controls condensation of chromatin, and therefore which genes are exposed for transcription (49) . Nucleus shape also controls nucleopores width. Nucleopores are enlarged when the nucleus stretches, which is known to increase transport rate of proteins, such as transcription factors, inside the nucleus (50) . In turn, cells position on a sinusoid can be seen alternatively as a positive or negative regulation mechanism, whether it is located on a convex or a concave.
Simulations of cell adhesion on these different topographies show that motion of the nuclei is triggered by the spreading of the cells on the uneven, asymmetric substrate topography. As the cell spreads, its actin cortex is stretched which increases the vertical pressure inside the cell, and more specifically on the nucleus. The anisotropy of the underlying topography yields a pressure gradient inside the cytoskeleton, pushing the nucleus out of equilibrium. A flow results inside the cytosol, moving matter from high to low pressure areas. Finally, the motion of the nuclei can only be stopped when recovering an homogeneous internal pressure, that is to say, the symmetry of the underlying substrate. Complementary simulations performed reducing either the nucleus stiffness or the cytoplasmic membrane actomyosin cortex (that encompasses stress fibres) tension show drastically impeded nucleus internal motion (see figure 3 .a,b). As a result, such mechanism consistently explains the internal motion of the nuclei from parts of the cell located over convex topographical areas to concave ones (see figure 1 .c).
We establish the hypothesis that the migration of the cell is induced by the polarized position of the nucleus. This hypothesis is based on our previous in vitro results by Pieuchot et al. (29) . Indeed, the precedence of nuclear motion in the migration process on curved topographies has been observed experimentally (see figure S4 .e,f). In response, to restore mechanical equilibrium and stability, the nucleus need to be centered again. Studies have highlighted the importance of the distance in between the nucleus and the cell center for polarization and division processes (51) . Repositioning of the nucleus could be achieved by the cell through several mechanisms involving actin (52) , or microtubules pulling on the cell membrane (53, 54) . Two main mechanisms can be isolated: (i) pulling and squeezing the nucleus back up the slope, with fixed cell adhesions, opposing the pressure exerted by the stretched actin cortex (left case, see figure 2.a), and (ii) deconstruction and reconstruction of the cell adhesions down the slope, which would relax the actin cortex, while dynamically deactivating and reactivating the focal adhesions (right case, see figure 2.b). Both recruit different quantities of energy. The latter induces relaxation of the cell and nucleus membranes, and therefore, may require the cell to recruit less mechanical energy. That is an experimentally known precursor to cell migration (55) . In the other scenario, forcing the repositioning of the nucleus at the centre of the cell drastically increases its vertical stress (see figure S3 .g). What's more, the work required to displace identically the nucleus is higher than on a flat surface (see figure S3 .f). Besides, the concave topography constitutes a well, that is a mechanically more stable position for the nucleus.
We now address the simulation of cell migration on the sinusoid substrate. The assumption of a nucleus-guided cell migration is implemented (see Methods section) and now tested. The offset in between the nucleus barycenter and the adhesions barycenter is evaluated at regular time intervals and converted into lamellipodium protrusion and spatial jump from the disassembled adhesions to the assembled ones. For these simulations, only the five cells studied in details in figure 1 are considered (see figure 2 .b,c). Our simulations successfully reproduced the experimental migration trajectories (see figure  S4.c,d) . In all five cases, the cells migrate downward along the slopes, and stabilize at the bottom of concaves (see figure 2 .b). Taking the case shown in cyan color in figure 2.b as a reference, we simulated cell migration in varying cell size and substrate curvature. Results shows that curvotaxis is better if sinsuoid wavelength is similar to cell size (see figures 4 & 5) . Indeed, in this case, the concave zone offers the greatest relaxation volume to which the nucleus can move and guide the cell migration. Nonetheless, on 10-100 µm sinusoid, the simulation shows that the curvotaxis is better in terms of trajectory and speed for 150 µm adherent rather than for the 100 µm cell. We can note that in a sinusoid of 10-100 µm, the wavelength is equal to 100 µm in the x or y directions but equal to 144 µm in the diagonal direction, which is similar to the diameter of the largest cell considered here. On the contrary, smaller wavelengths, for instance 30 µm, offer several concave spaces that are too small for relaxation of 100 µm cell. The nucleus leaves the convex zones but can stabilize in a metastable equilibrium in an intermediate concave zone. Curvotaxis at small wavelength seems limited. Similarly, long-wave curvotaxis is also limited: large sinusoids are almost flat surfaces that offers almost no relaxation zone. In addition, our simulations indicate that regardless of cell and sinusoid sizes, the cell model can not migrate a distance greater than the sinusoid wavelength which represents the spatial scale of the curvotaxis of the model.
The simulated cells tend to stop their migration in the first local minimum of topography they encounter. Only if a cell faces an important deceleration, inertial forces could push it over a local maximum. Conversely, in vitro trajectories illustrate the motion of cells from one concave to another (see figure S4 .e). In vitro, first and foremost cells migrate following a persistent random walk (56) , external gradients, such as topography, are only a supplementary perturbation. We simulate the migration of cell subject to a transient directed walk (see 6) . Migration is directed diagonally across the substrate, and the cell is left to adapt its position to the topography. The resulting trajectory (see figure 6 , and animation S3) features a motion of the cell across multiple convexes before stabilizing in a concave. The cell model is seen to drift away, to the right side of the imposed directed motion. In turn, the nucleus polarization induced migration alters the persistent random walk of the cell. The coordination between the nucleus and the cell barycenter resembles closely experimental evidences (see figure S4 .e), that is a systematic offset of the nucleus toward the closest concave region.
We also observe the correlation between the cells trajectory, the nucleus pressure and the substrate topography (see figure  2 .b,c). Simulated values of vertical stress on the nucleus are consistent with experimental measurements (57) . Additionally, we compute the time evolution cell velocity and the nucleus pressure (see figure 2.c). We draw three main observations from these simulations. (i) Migration is faster on lower curvature gradients (orange and blue cells), namely on more vertical slopes of the substrate. On the contrary, in the middle of concave (yellow cell) or convex (purple cell, at early stages) migration is almost absent. Yet, convex being an unstable equilibrium, a slight offset of the cell position later triggers migration (purple, at later stages). (ii) An increasing slope, transitioning from concave to convex, induces the cell to slow down, and stopping (purple cell), to change direction (pink cell, midway), or even to turn back (orange and blue cells). (iii) A peak of vertical stress of the nuclei is always a precursor of an acceleration of the cell. The acceleration of the cell is more or less delayed by the cell position of the cell. When the peak stress occurs on curved part (convex) of the substrate (purple cell), the acceleration of the cell is long delayed, while, when the peak stress occurs on a flat part of the sinusoid, the acceleration increases right after (orange, pink, and blue cells).
Yevick et al. observed in 2015 that the convex curvature of the substrate induced the reinforcement of CSK in cultured cells (58) . For instance, a convex curvature of 40 µm radius induced a density of FA that was twice that observed on flat substrates. To take into account this phenomenon and analyze its impact on the migratory behavior of the cell, we simulated a reinforcement of the CSK by doubling the number of FAs in the case of cell model adhesion on the slope of a sinusoid of 10-100 µm. This sinusoid has a minimum radius of curvature of approximately 50 µm, close to the 40 µm threshold identified by Yevick et al. (58) . Our results indicate that the reinforcement of CSK tends to accelerate cell migration to concave areas by multiplying the speed by 1.2 and making the trajectory much more straight towards the concave center in reducing inertial fluctuations of nuclear displacement (see figure 7) . Nonetheless, at the end of migration, after having reached concave zone, and following the same theory, the CSK should relax and the number of FA should decrease to its initial value or to a lower value. In other words, taking into account convex curvature-induced CSK reinforcement in cell migration should lead to the same final adherent state in the concave area via a faster path. Further development in the modeling of dynamic CSK rearrangement and FA formation depending on substrate curvature should be considered in future studies to analyze how cells optimize their CSK to migrate on sinusoid substrates (29) .
In presence of drugs deactivating LAMIN-A (nucleus stiffness) and actomyosin contractility (cytoplasmic membrane tension), tested cells by Pieuchot et al. (29) do not exhibit directed migration toward concave regions (see figure S4 .b). This agrees with what we observed earlier in cell adhesion simulations (see figure 3 .a). Furthermore, when we simulate cell migration with reduced cortical tension (see figure 3 .c,d), we indeed observe a significant slow down of cell migration. Conversely, our proposed migration mechanism, as illustrated with these simulations, explains the experimental evidences of a curvature-guided migration mechanism relying on nucleus mechanosensitivity.
To generalize our computational results, curvotaxis is optimized when cell adheres and migrates on sinusoid with a wavelength similar to cell diameter, and a min-to max amplitude equal to the wavelength/10. In that case, the cell model in concave area have a volume which is twice of the one on convex area; the nuclear volume shows the same trend. These changes in cell and nucleus volumes which are direct consequence of substrate topography, are involved in mechanotransduction as reported by Xie (59) and Pieuchot et al. (29) . Sinusoid substrates may be so designed in the future to induce stem cell differentiation or on the contrary to maintain their initial phenotype.
CONCLUSION
We have investigated cell migration on substrates with microscopic sinusoid curvature by means of a computational model. We focused on the mechanical features of the migration process, and proposed a simple physical mechanism explaining the trajectories of cell on curved substrates. The parameterized and validated mechanical cell model (28) provided insights, inaccessible experimentally, on the mechanical state of intracellular structures, such as the cytoskeleton, the nucleus, and the cytoplasmic membrane. We have simulated cell adhesion on several location of the sinusoid topography and observed the emergence of a pattern in nucleus behaviour. The nucleus systematically moves such as to find its most relaxed state, that is toward concave parts of the substrate. That internal motion of the nucleus was triggered by a pressure gradient in the cytoskeleton, induced by the asymmetrical underlying topography.
We then proposed that nuclear polarization would promote focal adhesion dynamics and guide cell migration direction. Such mechanism can be seen as an energy efficient process to restore cell equilibrium. We implemented this hypothesis in our computational model, converting nuclear polarization into lamellipodium protrusion and a net spatial jump in cell adhesions position, which simulated cell migration. We have been able to explore how the substrate curvature and the nucleus mechanical state would correlate with the migration patterns, which the model reproduced accurately. We have also shown how the mechanical properties of the intracellular structures contribute to this migration mechanism.
In a nutshell, cell migration on cell-scale curvatures seems highly influenced by the mechanosensitivity of the nucleus, and could be explained almost entirely from a mechanical standpoint. This migration mechanism, guided by nucleus polarization, disrupts the persistent random walk followed by migrating cells. As such, the role of the nucleus as a topographical sensor and mechanical guide should be explored more systematically in other migration modes, at least those involving its polarization (i.e ratchetaxis, topotaxis). The underlying consequences on the mechanical state of the nucleus, chromatin condensation, and therefore gene expression could in turn offer novel control opportunities over cell fate and epigenetics. 
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